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Nearly pure anothosite outcrops occur globally

Jackson (71 km in diameter) is a Copernican-age crater located in
the farside highlands. The central peak exhibits a relatively complex
structure consisting of brighter slopes and a darker summit, not
simple crustal rock (Fig. 2a, b). The angles of the brighter slopes
are 33u to 36u, which is equal to or slightly greater than the angle of
repose of typical lunar regolith. These brighter slopes are apparently
outcrops that have been newly exposed by landslides that occurred
much later than the Jackson-generated impact.

In Fig. 2c and d, red, green and blue are assigned to the relative
strengths of pyroxene, olivine and plagioclase absorption bands,
respectively. The exposed bluish unit is large because the central peak
diameter is 7 km and its height is 2.5 km (Fig. 2c, d), suggesting that
Fe-bearing crystalline plagioclase is the dominant mineral compon-
ent based on the prominent 1,250 nm absorption band (J5 and J8 in
Fig. 2e, f). Intimate mixing model19 analyses with plagioclase (FeO
content 0.25 wt%), orthopyroxene (Ca3Fe40Mg57), and clinopyrox-
ene (Ca31Fe22Mg47) end members (Fig. 2h, i) indicate that this unit is
extremely feldspathic (,98 vol.% plagioclase).

Previous researchers proposed a global anorthosite layer deep
within the lunar crust. They used restricted data, but were able to
derive evidence for the presence of anorthosite in some locations on
the Moon using ground-based spectroscopy13. However, it was not
possible to measure the abundance of plagioclase accurately until the
discovery of the 1,250-nm absorption band. Our results enabled us to
detect unambiguously an absorption feature generated by trace
amounts of iron that is unique to mineral plagioclase and to demon-
strate that anorthosite composed of nearly 100% anorthite is found
in large exposures. We define a rock that has a high abundance of
plagioclase as the purest anorthosite (PAN), to distinguish it from

‘‘pure anorthosite’’, which was defined as a rock with over 95 vol.%
plagioclase in a previous work13. The word ‘pure’ used in the title to
refer to anorthosite is meant as a general adjective.

The variation of modal abundance within the brighter unit (blue in
Fig. 2c, d) is very small (all areas contain ,98 vol.% plagioclase) in
spite of its 7-km diameter. The purity of anorthosite in this entire
area is remarkable, considering the generation mechanism for such a
massive rock of this purity. PAN rocks also are found at other loca-
tions on both sides of the Moon, such as South Ray, Tycho,
Tsiolkovsky and Orientale (Fig. 3). These areas exhibit a similar
bluish colour in colour-composite images (Fig. 3), which correspond
to the prominent 1,250-nm absorption band (Fig. 3e, f). The angles of
these bluish inclined planes in Tycho, Tsiolkovsky and Orientale are
also as high as in Jackson, suggesting that newly exposed outcrops can
be used to spot likely locations of PAN rocks. Intimate mixing models
indicate that the modal abundance of plagioclase in these areas is
,98 vol.%, in conformity with the presence of PAN rocks. The
occurrence and composition of the relatively mafic-rich units that
we identified in Tycho are consistent with the findings of previous
studies20, although the PAN rocks are found at the base of the central
peak as small (roughly 1 km 3 2 km) outcrops. A relatively large
modelled grain size of 400 mm was derived at Tsiolkovsky.

Our finding of a very clear Fe-bearing plagioclase absorption band
is in contrast with previous data13,21,22, which lack clear plagioclase
absorption (this absence has been an unsolved issue in lunar
science14). The lack of plagioclase absorption in previous spectra
has been attributed to shock effects13 or space weathering effects23

known to occur on the Moon. The depth of the Fe-bearing plagio-
clase absorption band in PAN outcrops at the eastern portion of the
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Figure 1 | Locations of the 69 areas of
investigation plotted on the USGS Clementine
750-nm basemap. White squares in the inset
Multiband Imager mosaics of these areas indicate
the exact locations of the images in Figs 2, 3 and 4.
Plagioclase modal abundances of the 32 freshest
and nearly mixing-free (nearly regolith-free)
locations derived from the model analyses are
indicated by orange (,90 vol.%), yellow (,90 to
,98 vol.%) and blue (.98 vol.%) squares. The
freshest locations are identified using the optical
maturity index ($0.6) (ref. 29). Smaller craters
(#30 km in diameter) are indicated by small
squares, and larger craters are indicated by large
squares. Investigated locations that do not have
freshly exposed outcrops (optical maturity index
,0.6) are plotted as white dots regardless of the
crater diameter. PAN rocks sometimes occur in
craters with a diameter of up to 30 km but always
occur in craters with a diameter exceeding 30 km
within highland. South Pole-Aitken is the largest
basin on the lunar farside about 2,500 km in
diameter.
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Jackson (71 km in diameter) is a Copernican-age crater located in
the farside highlands. The central peak exhibits a relatively complex
structure consisting of brighter slopes and a darker summit, not
simple crustal rock (Fig. 2a, b). The angles of the brighter slopes
are 33u to 36u, which is equal to or slightly greater than the angle of
repose of typical lunar regolith. These brighter slopes are apparently
outcrops that have been newly exposed by landslides that occurred
much later than the Jackson-generated impact.

In Fig. 2c and d, red, green and blue are assigned to the relative
strengths of pyroxene, olivine and plagioclase absorption bands,
respectively. The exposed bluish unit is large because the central peak
diameter is 7 km and its height is 2.5 km (Fig. 2c, d), suggesting that
Fe-bearing crystalline plagioclase is the dominant mineral compon-
ent based on the prominent 1,250 nm absorption band (J5 and J8 in
Fig. 2e, f). Intimate mixing model19 analyses with plagioclase (FeO
content 0.25 wt%), orthopyroxene (Ca3Fe40Mg57), and clinopyrox-
ene (Ca31Fe22Mg47) end members (Fig. 2h, i) indicate that this unit is
extremely feldspathic (,98 vol.% plagioclase).

Previous researchers proposed a global anorthosite layer deep
within the lunar crust. They used restricted data, but were able to
derive evidence for the presence of anorthosite in some locations on
the Moon using ground-based spectroscopy13. However, it was not
possible to measure the abundance of plagioclase accurately until the
discovery of the 1,250-nm absorption band. Our results enabled us to
detect unambiguously an absorption feature generated by trace
amounts of iron that is unique to mineral plagioclase and to demon-
strate that anorthosite composed of nearly 100% anorthite is found
in large exposures. We define a rock that has a high abundance of
plagioclase as the purest anorthosite (PAN), to distinguish it from

‘‘pure anorthosite’’, which was defined as a rock with over 95 vol.%
plagioclase in a previous work13. The word ‘pure’ used in the title to
refer to anorthosite is meant as a general adjective.

The variation of modal abundance within the brighter unit (blue in
Fig. 2c, d) is very small (all areas contain ,98 vol.% plagioclase) in
spite of its 7-km diameter. The purity of anorthosite in this entire
area is remarkable, considering the generation mechanism for such a
massive rock of this purity. PAN rocks also are found at other loca-
tions on both sides of the Moon, such as South Ray, Tycho,
Tsiolkovsky and Orientale (Fig. 3). These areas exhibit a similar
bluish colour in colour-composite images (Fig. 3), which correspond
to the prominent 1,250-nm absorption band (Fig. 3e, f). The angles of
these bluish inclined planes in Tycho, Tsiolkovsky and Orientale are
also as high as in Jackson, suggesting that newly exposed outcrops can
be used to spot likely locations of PAN rocks. Intimate mixing models
indicate that the modal abundance of plagioclase in these areas is
,98 vol.%, in conformity with the presence of PAN rocks. The
occurrence and composition of the relatively mafic-rich units that
we identified in Tycho are consistent with the findings of previous
studies20, although the PAN rocks are found at the base of the central
peak as small (roughly 1 km 3 2 km) outcrops. A relatively large
modelled grain size of 400 mm was derived at Tsiolkovsky.

Our finding of a very clear Fe-bearing plagioclase absorption band
is in contrast with previous data13,21,22, which lack clear plagioclase
absorption (this absence has been an unsolved issue in lunar
science14). The lack of plagioclase absorption in previous spectra
has been attributed to shock effects13 or space weathering effects23

known to occur on the Moon. The depth of the Fe-bearing plagio-
clase absorption band in PAN outcrops at the eastern portion of the
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the exact locations of the images in Figs 2, 3 and 4.
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and nearly mixing-free (nearly regolith-free)
locations derived from the model analyses are
indicated by orange (,90 vol.%), yellow (,90 to
,98 vol.%) and blue (.98 vol.%) squares. The
freshest locations are identified using the optical
maturity index ($0.6) (ref. 29). Smaller craters
(#30 km in diameter) are indicated by small
squares, and larger craters are indicated by large
squares. Investigated locations that do not have
freshly exposed outcrops (optical maturity index
,0.6) are plotted as white dots regardless of the
crater diameter. PAN rocks sometimes occur in
craters with a diameter of up to 30 km but always
occur in craters with a diameter exceeding 30 km
within highland. South Pole-Aitken is the largest
basin on the lunar farside about 2,500 km in
diameter.
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• The	anorthositicnature	of	the	FHT	was	first	

postulated	on	the	basis	of	ferroan

anorthosites found	in	the	Apollo	samples	

suite.

• This	GMO	scenario	assumes	that	the	Moon	

was	once	mostly	or	completely	molten	and	

that	the	primary	lunar	crust	formed	from	

floatation	of	cumulates	as	the	melt	cooled.	

• Recently,	spectral	reflectance	

measurements	have	identified	signatures	of	

nearly	pure	anorthosite (PAN)	across	the	

lunar	surface	but	primarily	in	the	FHT.	

• The	association	between	PAN	and	material	

within	and	excavated	by	impact	basins	has	

led	to	the	hypothesis	that	a	subsurface	layer	

of	nearly	pure	plagioclase	exists	tens	of	

kilometers	beneath	the	lunar	surface.	
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Hertzsprung basin

• Hertzsprung	is	a	well-preserved	impact	basin	

on	the	Moon’s	farside at	2°N,	128°W.	

• It	contains	two	clear	rings,	the	main	rim	of	

570	km	diameter	and	an	inner	ring	of	270	

km	diameter.	

• From	the	crater’s	morphology	it	is	estimated	

that	the	impact	excavated	material	from	the	

top	half	of	the	80	km	thick	crust.	
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Hertzsprung Basin – An extremely FeO poor peak ring and 
broad high albedo region
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Clementine	spectral	data	has	

shown	that	the	ejecta from	

Hertzsprung	is	unusually	

feldspathic and	that	the	inner	

ring	massifs	contain	almost	

completely	iron	free	regions.

These	Fe	free	regions	were	

interpreted	as	outcrops	of	

nearly	pure	anorthosite.	

Clementine	FeO abundance LOLA	1064	nm	albedo
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PAN outcrops at Hertzsprung basin

Journal of Geophysical Research: Planets 10.1002/2015JE004935

Figure 3. Local distribution of FL points (white circles) around (a, b) the Orientale, (c, d) Hertzsprung, and (e, f )
Freundlich-Sharonov basins. For comparison, the PAN points found by Yamamoto et al. [2012a] are plotted (red circles).
The background maps are (Figures 3a, 3c, and 3e) the altitude data by Kaguya Terrain Camera (TC) Digital Terrain Model
(DTM) and (Figures 3b, 3d, and 3f ) the mosaic map of TC Haruyama et al. [2008].

4.1. Material Exhibiting a FL Spectrum
We first discuss the origin of the FL materials. We start by considering that the amount of pyroxene in the FL
area should be extremely small, because pyroxene is an optically strong mineral and even a small amount
of pyroxene produces a strong 1 μm absorption band. Also, space weathering cannot erase the pyroxene
absorption completely. Figure 7a shows the model spectra for a mixture of 90% plagioclase with 10% LCP for
various !, where ! is the amount of submicron iron (SMFe) particles, which represents the degree of space
weathering [Hapke, 2001; Lucey, 2002]. (In this paper, the value of ! is defined as the total volume fraction

YAMAMOTO ET AL. FEATURELESS SPECTRA ON LUNAR HIGHLANDS 2195

Yamamoto,	S.,	et	al.	(2015), JGR	(Planets),	120,	2190–2205	
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Thermal neutrons reveal Hertzsprung to be 
Fe and REE poor

5.3. Mare Nubium
[59] Nubium is a 715 km-diameter, pre-Nectarian age

mare located on the lunar near side to the southeast of
Oceanus Procellarium (Figure 14a). The thermal neutron
count rate in this region is low (Figure 14b), indicating an
enhancement of Fe and/or Ti, similar to other mare regions.
While both the Prettyman et al. [2006] and HEGR-derived
Cp maps show a regional high associated with the mare
(Figures 14c and 14d), the HEGR-derived values are notably
higher and more closely match the boundaries of the mare
than the abundance-map-derived Cp values. While the differ-
ences here may be due to compositional effects not observed
in the Prettyman et al. [2006] results (e.g., enhanced Mg), it
is also possible that they result from uncertainties in the
conversion of HEGRs to surface composition parameters
for high-Fe regions, as noted previously (section 3.5).
[60] Several lines of evidence support the hypothesis that

some of the observed differences in this region are the result
of uncertainties in the LP gamma-ray measurements. The
first is the observation that the sum of the LP-derived
elemental abundances in the region is around 103%
[Prettyman et al., 2006]. This suggests that the LP measure-
ments are overestimating the abundances on one or more
elements within Mare Nubium. Because these abundances
are used as input to derive the Cp values, this discrepancy
may be the source of the difference between the
abundance-map- and HEGR-derived Cp values. This may
be related to the observed discrepancies between the

HEGR-derived Mg abundances and X-ray and sample data
in some mare basalt regions (see section 3.5), which could
be inferred to extend into Mare Nubium. However, as
noted in section 3.5, a comparison of the Prettyman
et al. [2006] Mg abundances at the SRB sample sites to
the respective SRB Mg abundances (see Table 1) yielded
a correlation coefficient of 0.73. These comparisons are
predominately of mare-basalt-filled regions and suggest
that there is not a significant discrepancy within the mare
regions. Future studies of HEGR production physics will
provide insight into this issue.

5.4. Orientale Basin
[61] Orientale is a 930 km-diameter impact basin formed

during the Upper Imbrian period, and is located southeast
of Oceanus Procellarum (Figure 15a). Mare Orientale was
produced by low-Ti basalt infill of the Orientale basin
[Bussey and Spudis, 1997], consistent with the low thermal
neutron count rate in the center of the basin (Figure 15b).
There are additional mare deposits, Lacus Veris and Lacus
Autumni, located within the outer rings of the northeastern
portion of the basin (Figure 15a) which also appear to influ-
ence the thermal neutron count rates. These two small mare
are associated with fresh outcrops of basalt that have been
identified in the northeastern portion of the inner and outer
basin rings using Clementine spectral reflectance data
[Bussey and Spudis, 1997]. Specifically, both lacus contain
enhanced Fe and Ti as well as distinctive spectral properties

Figure 13. The (a) shaded relief [USGS, 1992], (b) thermal neutron count rates [Feldman et al., 1998b],
(c) composition parameter (Cp; equation (4)) derived from the abundance maps of Prettyman et al.,
[2006], and (d) high-energy gamma-ray (HEGR) derived Cp value for the Hertzsprung basin region. Maps
in Figures 13b, 13c, and 13d were created by smoothing the respective values over an FWHM spatial res-
olution of 200 km following the procedure of Lawrence et al. [2003]. (Dashed) lines in Figures 13b–13d
indicate the inner and outer basin rings observed in Figure 13a.

PEPLOWSKI AND LAWRENCE: LUNAR COMPOSITION HIGH-ENERGY GAMMA RAYS

684

Peplowski, P. N., and D. J. Lawrence (2013), 
JGR (Planets), 118, 671–688 

• Thermal	neutron	emissions	is	a	

proxy	for	the	bulk	concentration	of	

neutron-absorbing	elements,	

including	Fe,	Ti,	and	the	rare	earth	

elements	(REEs)	Gd and	Sm.

• Flux	at	Hertzsprung	implies	>	85	%	

Ca-rich	plagioclase.

• Neutron	signal	known	to	be	blurred	

due	to	the	relatively	broad	

response	function.
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Data = Image � PSF + Noise

How can image reconstruction help?
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Data = Image � PSF + Noise

How can image reconstruction help?

Pixon Reconstruction:
• Improve spatial resolution and suppress noise.
• Bayesian image reconstruction technique that aims to 

find the simplest image consistent with data.
• Minimize statistic based on the autocorrelation of the 

residuals to avoid spurious features.
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A demonstration and impromptu eye test
Image Data = Image � PSF + Noise
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Observation blurs the truth and adds noise
Image Data = Image � PSF + Noise
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Reconstruction suppresses noise and sharpens the data

Image Data = Image � PSF + Noise Reconstruction
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Reconstruction increased the dynamic range by 66% and 
suppressed noise
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• Improvement	in	resolution	and	

reduction	in	noise	shows	high	

thermal	region	between	inner	and	

outer	ring.
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Hertzsprung’s inter ring region contains nearly pure (>95 %) 
anorthosite abundances over a region 100 km diameter
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% • Basin	floor	landing	site	avoids	

steep	peak	rings	and	craters	where	

PAN	is	identified	spectroscopically.

• Extremely	low	REE	abundances	

imply	a	large	sample	will	be	

needed	for	composition	analysis.
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Science Goals addressed by Hertzsprung PAN 
characterization
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1. Determine	the	composition	of	the	

lower	crust	and	bulk	Moon	(3c).

2. Determine	the	extent	and	

composition	of	the	primary	

feldspathic	crust	(3a).
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Nearby Orientale ejecta and impact melts 
provide an incentive for a rover

Scott,	D.	H.	et	al.,	USGS,	1977
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• LP thermal neutron along 
with Selene spectral profiler, 
Clementine FeO and albedo 
data imply that a large (100 
km) easily accessible region 
of PAN lies within 
Hertzsprung basin.

• Given the low concentrations 
of the elements of interest the 
return of a large sample may 
be necessary, but a rover is 
not.

Conclusions
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